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carried out in accordance with the UK Animals (Scientific Procedures) Act, 1986 and the European Community Council Directive of 24 November 1986 (86/609/EEC). Following killing of animals by stunning and decapitation, crude forebrain synaptosomes (heavy and light mitochondrial fraction containing synaptosomes) were prepared as described (Garthwaite et al., 2002) . Briefly, forebrain was transferred to a glass Potter vessel at a final concentration of 10 % (w/v) in 0.25 M sucrose and homogenized, using a teflon pestle, by 8 up-and-down strokes of a Braun Potter S motor-driven homogenizer set to 900 r.p.m. The homogenate was centrifuged at 1036 g at 4 °C for 10 min and the supernatant collected. The remaining pellet was resuspended, as above, in fresh ice-cold 0.25 M sucrose and the centrifugation step repeated. The supernatant fractions were pooled and centrifuged at 45,000 g at 4 °C for 15 min and the resulting pellet resuspended in assay buffer (see below). Lysed synaptosomal membranes were prepared by resuspending the above synaptosomal pellet in 20 volumes of ice-cold water using an Ultra-Turrax homogenizer. After 30 min storage on ice, the homogenate was centrifuged at 15,000 g at 4 °C for 20 min and the resulting supernatant and loose buffy-coat layer removed by careful aspiration, combined, and centrifuged at 50,000 g at 4 °C for 15 min. The resulting pellet was resuspended in assay buffer (see below).
Binding studies. Binding of [
3 H]BW202W92 (usually 4-10 nM for displacement studies and up to 300 nM for saturation analysis) was carried out using 14 ml polypropylene test tubes and was initiated by the addition of 12.5 mg (approx 500 µg protein) original wet weight of tissue to tubes which contained [ corresponding changes in the concentration of choline chloride such that the molarity of the buffer remained constant. Samples were mixed, incubated for 40 min at 25 °C (unless indicated otherwise) and incubations terminated by the addition of 5 ml of ice-cold wash buffer consisting of 163 mM choline chloride, 1.8 mM CaCl 2 and 0.8 mM MgSO 4 in 5 mM HEPES buffer (pH 7.4) followed immediately by vacuum filtration through Whatman GF/C glass fibre filters using a Brandel TM cell harvester. A further 2 x 5 ml of ice-cold wash buffer was added to each tube and the vacuum filtration step repeated. The GF/C glass fibre filters containing bound [ 3 H]BW202W92 were transferred to minivials and 4 ml Picofluor 40 liquid scintillant added using a Brandel TM deposit/dispense system. Radioactivity was measured using a Beckman Liquid Scintillation Counter and cpm converted directly to dpm via reference to appropriate quench parameters.
Binding studies with [ 3 H]BTX-B were carried out using normal assay buffer as above with the addition of 100 µg/ml α -scorpion toxin (unless stated otherwise) in an incubation volume of 0.25 ml for 90 min at 2 °C.
[14C]Guanidinium ion flux. Veratrine-evoked uptake of [ 14 C]Guanidinium ions was carried out as described previously (Garthwaite et al., 2002) .
Data analysis.
Data are presented as mean ± S.E.M. unless indicated otherwise. Inhibition studies were carried out using either single or duplicate samples encompassing an appropriate range of compound concentrations (usually 12). For comparative purposes, most experiments were carried out in parallel such that identical drug, toxin and synaptosome preparations were used. IC 50 values were computed from log 10 concentration-effect curves using a 4 parameter logistic equation: y = A + B/(1+ exp(-C.(x-IC 50 ))) where A = non-specific binding, B = specific binding and C = binding slope. 
Results
To begin with, [ 3 H]BW202W92 was disappointing as a ligand in rat brain synaptosomes because the level of specific binding (displaceable by BW202W92 itself) was only about 40 % of the total (Fig. 1A,B) . Two manipulations changed this picture: addition of tetrodotoxin and varying the K + concentration.
Effect of tetrodotoxin.
On addition of 1 µM tetrodotoxin at a low K + concentration (1 mM), the specific binding of [ 3 H]BW202W92 was enhanced 7-fold (Fig. 1A ). This effect of tetrodotoxin persisted at high K + concentration (100 mM), although the total specific binding was then reduced by about 60 % (Fig. 1B) . The potency of tetrodotoxin for enhancing the binding was very similar at 1 and 100 mM K + , the EC 50 values both being 2-3 nM (Table 1) . with the standard Na + -free buffer so, instead, the incubation temperature was varied.
When incubated in a medium in which choline is the major cation, as here, the synaptosomal membrane potential rapidly dissipates at 37 °C but becomes progressively sustained as the temperature is reduced (Gilles et al., 2001) . Table 2 ).
Displacement of this component by both enantiomers was of relatively low affinity (near 1 µM) and was unaffected by K + , but there was a 7-fold degree of selectivity for the Renantiomer (BW202W92).
In the presence of 1 µM tetrodotoxin, the IC 50 for BW202W92 in 1 mM K + was greatly decreased to about 50 nM ( Fig. 4A ; Table 2 ). The slope was reduced to below 1 under these conditions, presumably reflecting the presence of both lower affinity tetrodotoxinindependent and higher affinity tetrodotoxin-dependent sites. Under depolarizing conditions (100 mM K + ) the effect of 1 µM tetrodotoxin was less marked but the affinity of BW202W92 was again increased, this time from about 0.6 µM to about 0.2 µM ( Fig. 4B ; Table 2 ). This interaction was characterized by a binding slope not significantly different from 1, probably reflecting the relatively small separation (about 3-fold) between the affinities for tetrodotoxin-independent and tetrodotoxin-dependent binding sites under these conditions. In contrast to the effects seen with BW202W92, displacement by BW203W92 in the presence of 1 µM tetrodotoxin was relatively little affected by K + . Under normal conditions (tetrodotoxin,
, the affinity for BW202W92 was some 32-fold higher than that for BW203W92 and the effect of depolarization was to reduce this ratio to 12, primarily through a decreased affinity for BW202W92. (Fig. 5A,B) . In the presence of tetrodotoxin, however, the binding of
Effect of sodium channel toxins.
was markedly inhibited by α -scorpion venom and also by the site 4 toxin, β-scorpion venom ( Fig. 5E ; Table 1 ). The slopes of both inhibition curves were significantly greater than unity, indicating a non-competitive interaction, and both toxins gave incomplete inhibition amounting to 85 ± 4 % (n = 3) and 67 ± 1 % (n = 3) of specific binding, respectively.
Batrachotoxin was an extremely weak displacer of the binding of [ 3 H]BW202W92 (with or without tetrodotoxin), the extrapolated IC 50 value in the presence of tetrodotoxin being about 100 µM, whereas it was some 1000-fold more potent at displacing the binding of Table 1 ).
Finally, the binding of [ 3 H]BTX-B was significantly enhanced by the site 5 toxin brevetoxin (5 µM) both in the presence and absence of α -scorpion venom (100 µg/ml) whereas, in the same experiment, brevetoxin had no significant effect on the binding of [ were very similar to those obtained using Scatchard analysis (Fig. 7 , Table 3 voltage-gated sodium channels, also displaced the binding whereas antiepileptics acting through other mechanisms (e.g. valproate and gabapentin) had no significant effect at concentrations up to 100 µM. Local anesthetics also displaced the binding and, of these, tetracaine was the most potent with a K I of 63 nM. MK-801 and riluzole, neuroprotectants that inhibit sodium channels (amongst other effects), both inhibited binding whereas the This article has not been copyedited and formatted. The final version may differ from this version. et al., 2002) .
Since the affinity of BW202W92 (in the presence of tetrodotoxin) was reduced by depolarizing the synaptosomes with 100 mM K + , we examined if this also applied to other drugs acting at the same site ( Table 5) . As indicated by the IC 50 values, the affinities of some compounds such as phenytoin and carbamazepine were little changed. At the other extreme, the affinities of lidocaine, lamotrigine and procaine were reduced 10-20 fold. In between, a 3-to 5-fold reduction was observed for BW202W92, sipatrigine and tetracaine.
Discussion
The results provide evidence that BW202W92 binds selectively to voltage-gated sodium channels in rat brain synaptosomes, that the binding site is stereoselective and distinct from that of all other ligands examined to date, and that it may correspond to a target for a variety of drugs whose therapeutic utility is ascribed to sodium channel inhibition.
A key ingredient found to augment specific binding was the site 1 toxin tetrodotoxin whose potency matched its low nanomolar potency for inhibiting of sodium currents in brain neurons (Madeja, 2000) . This result, together with the effects of sodium channel neurotoxins acting at other sites (3 and 4), provides compelling evidence that the binding site is associated with sodium channels. Nevertheless, the effect of tetrodotoxin on the binding is unexpected assuming that tetrodotoxin is simply a pore blocker. It is important to note that agents inhibiting tetrodotoxin-dependent binding (e.g. toxins, K + , competitive inhibitors) also had qualitatively similar effects on tetrodotoxin-independent binding, suggesting that tetrodotoxin This article has not been copyedited and formatted. The final version may differ from this version. et al., 1991; Rogawski and Loscher, 2004) . It is commonly assumed that the drugs only bind to the inactivated state but it is also possible that they bind to the closed state (in keeping with the data here) but in a manner that is functionally inconsequential; only when the channel passes into its inactivated state(s), does stabilization of channel inactivation by the drug become visible electrophysiologically. Such a mechanism would be analogous to β -scorpion toxin being bound to the resting channel and then trapping the voltage-sensor once it is mobilized by depolarization thereby, in this case, enhancing activation (Cestele et al., 1998) .
Apart from tetrodotoxin which acts at site 1, the other toxins found to influence (Catterall, 2000; Cronin et al., 2003) . However, it is in line with reports that phenytoin, carbamazepine and lamotrigine inhibit sodium channel function when applied extracellularly but not intracellularly (Kuo, 1998) and that mutation of a tryptophan residue located externally in the channel pore abolishes local anesthetic block (Tsang et al., 2005) . Clearly, there may be more than one drug receptor on the sodium channel. conditions was directly compared (Table 5 ). As mentioned above, the relative potencies of the compounds under the two conditions varied greatly and, accordingly, there was no significant correlation between them (R = 0.53, P = 0.11). For 6 of the compounds studied, the apparent affinities (K I values) for the inactivated state of sodium channels have been estimated from electrophysiological analysis ( Table 5 ). The correlation between the potency of these compounds for displacing [ 3 H]BW202W92 binding and K I is just significant when the binding is measured under polarized conditions (R = 0.83, P = 0.04) but greatly improves with the binding under depolarized conditions (R = 0.98, P <0.001). Although not quantified in terms of K I , the finding that BW202W92 was 3-to 5-fold more potent than sipatrigine and >20-fold more potent than lamotrigine at inhibiting sodium channel function (Caputi et al.,
2001) fits with this correlation. Assuming that the binding under depolarized conditions is to
This article has not been copyedited and formatted. The final version may differ from this version. binds to different sodium channel isoforms may be helpful in this regard. This article has not been copyedited and formatted. The final version may differ from this version. 
